As climate changes increase heat stress on tropical ecosystems, the long-term persistence of coral reefs requires rapid coral recovery following coral bleaching events. Using the extent of coral cover return to a pre-bleaching baseline as a benchmark, recovery of fastgrowing and stress-tolerant coral growth forms suggests that reefs can bounce back between repeated disturbances if given adequate time and protection from anthropogenic disturbances. However, long-term recovery dynamics of coral communities following severe bleaching and mass mortality are limited, particularly for fringing reefs along inhabited coastlines where human stressors may compromise recovery potential. Here, we examine the dynamics and drivers of coral recovery in Seychelles, where 12 reefs returned to pre-bleaching coral cover levels after a severe bleaching event caused [ 95% coral mortality. Six reefs with initially low cover ( \ 25%) recovered within 7-12 yr and, after 16 yr, exceeded pre-bleaching cover levels by 132-305%. In contrast, six reefs with initially high cover (20-60%) remained at 48-93% of pre-bleaching levels, with recovery projected to take 17-29 yr. Abiotic and historic conditions constrained recovery rates, with the slowest recovery times observed on deep and wave-exposed reefs with high pre-bleaching coral cover. Reefs with high juvenile coral densities and low nitrogen levels recovered fastest, possibly due to the interplay between nutrient enrichment, algal proliferation, and coral recruitment. Our findings emphasize the importance of understanding small-scale variation in recovery potential, whereby recovery times were governed by natural limits on growth rates and modified by coral recruitment and nutrient enrichment. Ultimately, climate-impacted reefs can recover to moderate coral cover levels, but, if bleaching causes repeated high coral mortality, short recovery windows will prevent a return to historic levels of coral dominance.
Introduction
Climate-driven thermal stress events that cause coral bleaching events are accelerating in frequency, threatening the persistence of coral-dominated reefs across the tropics (Pandolfi et al. 2003; Heron et al. 2016) . As global temperatures have risen from 1980 to 2016, coral bleaching recovery windows have shortened from 27 to 5.9 yr (Hughes et al. 2018a) , and are likely to become even shorter as severe bleaching events are expected to occur annually by 2050 . Although examples of resilient reefs that regenerate coral cover suggest that certain conditions, such as isolation from human stressors, facilitate recovery from bleaching (Sheppard et al. 2008; Gilmour et al. 2013) , the conditions Topic Editor Morgan S. Pratchett
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00338-019-01831-7) contains supplementary material, which is available to authorized users. that promote or depress recovery rates are not well understood, particularly for fringing reefs along inhabited coastlines where chronic anthropogenic stressors are pervasive. As such, it is unclear under what conditions reefs may be able to recover rapidly in the face of diminishing recovery windows.
The ability of coral reefs to return to coral-dominated states following declines from acute disturbances, including bleaching, is typically measured by the degree of recovery towards pre-disturbance coral cover (Connell 1997; Osborne et al. 2011; Johns et al. 2014) . Although differential bleaching susceptibility and recovery potential of coral growth forms (Darling et al. 2013 ) mean that reassembly of community composition is expected to lag behind cover recovery (Johns et al. 2014) , return times to pre-disturbance coral cover (i.e. 100% recovery) may be considered an early indicator of recovery. Short return times enhance the probability of coral-dominated states under recurrent bleaching, but should also increase the potential for a return to pre-bleaching functioning (Alvarez-Filip et al. 2013 ). However, return times can vary considerably among reefs (Osborne et al. 2011; Johns et al. 2014 ) and regions (Connell 1997; Baker et al. 2008; Graham et al. 2011) , implying that recovery potential is highly context dependent. As such, our understanding of plausible recovery times under recurrent bleaching scenarios requires analysis of long-term benthic changes according to local conditions of resilient reefs.
Regional and local differences in coral recovery are likely due to reef-specific abiotic and biotic conditions that are conducive to coral growth, and to degrading influences of local anthropogenic stressors. For example, high wave energy limits coral growth and larval settlement, thus placing natural constraints on coral cover which likely also influence recovery times. Ecological feedbacks between corals, algae, grazers and nutrients underscore the importance of biotic processes in determining coral recovery, with coral recruitment and survival dependent on grazing control of algal competitors (McCook et al. 2001; Birrell et al. 2008) , particularly under nutrient regimes that stimulate algal productivity (Burkepile and Hay 2009; Burkepile et al. 2013 ). These feedbacks may be disrupted by anthropogenic influences where, for example, sedimentation directly inhibits coral growth (Fabricius et al. 2005) and nitrogen enrichment promotes macroalgal overgrowth (Lapointe 1997) . Overexploitation of grazers can promote algal overgrowth (Mumby et al. 2006 ) and magnify nutrient effects (Burkepile and Hay 2006) and so, after bleaching, may slow recovery rates by limiting coral recruitment (Elmhirst et al. 2009 ). These factors imply that benthic recovery will vary spatially and thus impact ecosystem functions in different ways among reefs and between regions, but that natural recovery processes could be accelerated to increase the resilience of coral reefs within expected recovery windows.
To date, empirical studies of coral recovery have typically contended with several types of disturbance on reefs that are partially protected from human stressors. For example, comparative analyses of reef recovery rates on the Great Barrier Reef (GBR) suggest that water quality (Ortiz et al. 2018; MacNeil et al. 2019 ) and thermal heating (Osborne et al. 2017 ) have compromised GBR recovery potential. The GBR has suffered severe bleaching following the 2016 El Niño (Hughes et al. 2018b ), but previous studies have focused on recovery following moderate coral decline by other disturbances (e.g. cyclones, crown-ofthorns starfish), and the role of protection networks (Mellin et al. 2016) . Furthermore, detection of recovery mechanisms requires reef-scale ecological metrics (e.g. coral recruitment, nutrient loads) that are often unavailable at the appropriate temporal and spatial scale.
Here, we assess the factors that promote or depress longterm coral recovery following a severe bleaching event. We utilize long-term monitoring data of reef sites in the inner Seychelles that experienced [ 90% coral mortality after bleaching in 1998, where 12 reefs gradually regained coral cover and habitat complexity over 2005 . These monitoring data identified reefspecific conditions that increased the likelihood of regime shifts to macroalgal states , but equivalent reef-level variation in recovery dynamics at resilient reefs has not yet been examined. We used logistic growth models in a hierarchical Bayesian modelling framework to demonstrate variability in recovery trajectories, and quantified variation in projected recovery times according to historic reef states, abiotic and biotic influences, and anthropogenic stressors.
Methods

Identification of recovering reefs
We examined the benthic recovery dynamics at 12 reef sites in the inner Seychelles ( Fig. 1 ). Reefs were defined as recovering from the 1998 bleaching event by Graham et al. (2015) , based on the relative abundance and trajectories of hard coral and macroalgae from 1994-2014. Recovering reefs had greater cover of hard corals than macroalgae, increased in hard coral cover from 2005 to 2011, and met one of the three following trajectory criteria: (1) declining Euclidean distance between pre-disturbance (1994) and post-disturbance benthic condition (2005, 2008, 2011); (2) the rate of hard coral cover increase was stable or greater than that of macroalgal cover change; (3) the decline in coral cover between 1994-2011 was lower than that of 1994-2005, and corresponding change in macroalgal cover was negligible . Because Seychelles reefs experienced a second mass bleaching event in 2016 (Hughes et al. 2018a ), our analysis focuses on the recovery period 2005-2014.
Benthic community data
Coral cover and structural complexity estimates were collected using visual point counts. Surveys were conducted in 1994 (i.e. pre-bleaching) and, in the recovery period, every 3 yr from 2005-2014 (2005, 2008, 2011, 2014) . At each reef site, one diver (SJ in 1994, SKW in all subsequent years) visually assessed benthic cover and structural complexity in point counts of 7 m radius. Percent cover of major coral growth forms (branching, massive, encrusting) was estimated in each point count, and structural complexity was visually assessed on a 6-point scale (Polunin and Roberts 1993) . Point counts were repeated for eight (2011, 2014) or sixteen replicates (1994, 2005, 2008) at each reef site. Coral visual assessments were supplemented with genera-level surveys conducted in 2008, 2011 and 2014. At each reef site, we used eight replicate 10-m line intercept transects to record the percent cover of major coral genera.
Predictors of benthic recovery
We examined reef-level variation in benthic recovery dynamics using a suite of abiotic, biotic and anthropogenic covariates that are thought to influence benthic recovery dynamics. Abiotic processes place natural constraints on coral abundances and, as such, may depress or promote recovery rates. For example, recovery may be compromised in shallow water locations where corals are more vulnerable to bleaching (Safaie et al. 2018) . Locations subjected to high intensity wave action may have lower natural cover of fast-growing branching corals that are vulnerable to breakage and dislodgement during severe storms (Madin and Connolly 2006) and, as such, may also require longer recovery periods. To measure these processes, we used UVC survey depth (5-10 m) and a long-term wave climatology metric as abiotic predictor covariates. Wave energy (Joules) estimates were derived from hourly wind speed and direction values (Seychelles National Meteorological Service) and accounted for the uninterrupted fetch distance across which waves are generated (Ekebom et al. 2003; Chollett and Mumby 2012) . For each reef, fetch distances were based upon a 55-m resolution map extending to 500 km for 32 compass directions, and wind speed and direction values were averaged over 1998-2011 . Thus, our wave energy metric represents reef-level variation in physical exposure in the post-bleaching recovery period.
Abiotic constraints may be modified by herbivorous grazing pressure, which enhances coral recruitment by clearing larval settlement space and suppressing growth of competing turf and macroalgae (McCook et al. 2001; Mumby et al. 2006 ). In Seychelles, reefs with higher herbivore biomass were also less likely to transition to macroalgal states after 1998 bleaching, but it is unclear if this effect also influenced recovery of resilient reefs. We used observations of herbivorous fish biomass from diver surveys conducted at the same reef sites. Before each benthic survey conducted in 2005, one diver (NAJG) surveyed the abundance and length (cm) of 37 species of all diurnally active, reef-associated herbivorous fish (croppers, scrapers, excavators and browsers), using point counts of 7 m radius. Abundances and lengths were converted to biomass (kg ha -1 ) using published length * weight relationships (Froese and Pauly 2015) , and averaged across replicates to give the mean herbivorous fish biomass at each reef. As a measure of coral recruitment rates at each reef in the recovery period, we estimated juvenile coral densities in 2011. Juveniles were corals \ 10 cm in diameter, estimated using 33 9 33 cm quadrats for 8 replicates placed within each benthic point count survey. Recovery rates may be depressed on reefs nearby to sources of anthropogenic run-off, owing to unbalanced nutrient loads which may indirectly impact coral recruitment through proliferation of algal competitors (McCook et al. 2001; Fabricius et al. 2005 ; D'Angelo and Wiedenmann 2014). We estimated the nitrogen concentration (%) of Sargassum fronds collected at each reef site in 2014 . Nitrogen concentrations reflect differences in nitrogen availability among reefs due to spatial variation in terrestrial nutrient inputs.
Finally, we used pre-disturbance surveys to account for potential unmeasured reef-level variation in the capacity of each reef to reach highly complex, coral-dominated states (hereafter 'historic' predictors). Furthermore, because we defined recovery as a return to pre-bleaching coral cover, we expected coral-dominated reefs to have the longest recovery times. Initial benthic conditions were the prebleaching estimate of hard coral cover and structural complexity (i.e. in 1994), averaged across replicates at each reef site. All predictor covariates were scaled and centred to a mean of 0 and standard deviation of 1 and examined for collinearity before model fitting.
Coral recovery models
We examined reef-level variation in hard coral recovery trajectories using a hierarchical Bayesian logistic model. Observed hard coral cover (y) was modelled as a logistic function where the recovery rate r, asymptote a_max, and the curve inflexion point xmid predict the coral cover in each post-disturbance survey year i. Survey year was rescaled to represent recovery years following 1998 bleaching (e.g. first survey year 2005 = 7 recovery years).
We fitted two logistic model parameterizations, for either a standard 3-parameter logistic model with one maximum asymptote term (1) or a more flexible 4-parameter logistic with minimum (a_min) and maximum asymptote terms (a_max) (2). Furthermore, because the logistic asymptote may be defined by the observed recovery rate or fixed to the substrate area available for coral colonization, we also fitted models with either unconstrained asymptotes (i.e. a_max is estimated by the model) or asymptotes set to the amount of hard substrate area available for colonization at each reef in 1994 (i.e. a_max = total hard coral ? rock ? rubble). Reef-level recovery dynamics were modelled in a hierarchical structure that allowed r, a_min, and a_max to vary by each reef site s, for gamma-Poisson-distributed observations (McElreath 2017), y i $ DPOISðl; scaleÞ with mean models:
Models were estimated by Markov chain Monte Carlo (MCMC) using the No-U-Turn-Sampler implemented in Stan, sampling for 3,000 iterations across 3 chains with warmup of 1,500. Prior values were drawn from a normal distribution with mean = 6 and standard deviation = 1 (N(6, 1)) for r, from N(3.6, 1) for a_min and a_max ( = 36% cover on linear scale), and N(-0.9, 1) for xmid. We compared model fits among logistic models (1, 2) and asymptote values (unconstrained or fixed to available substrate area) with the Widely Applicable Information Criterion (WAIC) (McElreath 2017), which supported the four-parameter logistic model with a_max fixed to the available substrate area (Electronic Supplementary Material, ESM Table S1 ). We ensured chain convergence by assessing trace plots, and by checking that the Gelman-Rubin diagnostic ( b R) was \ 1.01 and the number of effective samples was sufficiently high (Electronic Supplementary Material, ESM Table S2 ). We also evaluated model fits by checking correspondence between fitted and observed values (Electronic Supplementary Material, ESM Fig. S2 ). Finally, we sampled posterior predictions of recovery year using a model of 7,000 iterations across 1 chain.
Reef-level variability in coral recovery
We examined coral recovery trajectories at each reef by drawing predicted cover values from the posterior distribution for each year in the recovery period 2005-2014. Observed reef-level trajectories were visualized on a common scale by rescaling each predicted coral cover value relative to its baseline (i.e. 1994), such that coral recovery was expressed as a proportion of its pre-bleaching cover (e.g. coral recovery = 100% when predicted coral cover = coral cover in 1994). We then examined variation in recovery times by identifying, for each reef, the year when mean predicted coral recovery reached the prebleaching baseline. For reefs that failed to recover by the last visual census (2014), we projected coral recovery trajectories forward in time until the baseline was reached.
Next, we sought to understand variation in the expected year of recovery (y_recovery) according to abiotic, biotic, and anthropogenic covariates. We fitted a Bayesian linear model to recovery year and eight fixed covariates,
with prior values drawn from the distribution N(0, 2) for fixed covariates and at the average recovery year across reefs (N(17, 5)) for the intercept. Model parameters were estimated by MCMC sampling of 7,000 iterations, with a warmup of 1,500 across 3 chains. Model convergence was assessed with posterior predictive checks, effective samples, and b R (Electronic Supplementary Material, ESM Table S3 ). We further ensured that parameter effect sizes were robust to potential estimation biases caused by outlying predictor values at individual reefs. Using a jackknife resampling approach, we compared parameter posterior distributions across predictive models fitted to datasets that dropped each reef in turn (i.e. 12 models, each with n = 11). Possible overfitting of recovery year models fitted to relatively few reefs (n = 12) and a high number of predictors (8) was minimized by use of weakly uninformative covariate priors and half-Cauchy variance prior (Cauchy(0, 2)) (McNeish 2016).
We assessed covariate influences with standardized effect sizes, represented by the posterior distribution median with 95% (strong inference) and 50% (weak inference) confidence intervals, and visualized median recovery times across the observed gradient of each covariate. We also used heat maps to visualize the combined effect of any strong biotic and human covariates on median coral recovery time, thus allowing us to assess how local reef conditions might be manipulated to enhance coral recovery after bleaching.
All analyses were conducted in R 3.4.1 (R Development Core Team 2018), logistic model parameterizations were provided by SSlogis and SSfpl, and Bayesian models were fitted in Stan with the rethinking package (McElreath 2017). We provide our R code and model predictions at http://github.com/jpwrobinson/coral-bleach-recovery.
Results
Of the 12 reefs that recovered from mass bleaching in 1998, pre-bleaching coral cover averaged 26%, with seven low cover reefs (10-20%) and five high cover reefs (20-60%). In 2005, 7 yr after bleaching, mean coral cover across all 12 reefs was 11%, which steadily increased to return to mean pre-bleaching cover (27%) by 2014 ( Fig. 1d ). However, mean trends obscured considerable variation in reef-level recovery trajectories. In 2005, four reefs had recovered 72-127% of pre-bleaching coral cover, whereas eight reefs remained below 50% of pre-bleaching cover (Fig. 2a ). From 2005 to 2014 (i.e. 7-16 yr after bleaching), reefs steadily recovered towards pre-bleaching conditions (Electronic Supplementary Material, ESM Fig. S2 ). By 2014, six 'overshoot' reefs had exceeded baseline cover by 132-305% to reach fully recovered states within 7-12 yr, while six reefs failed to recover to 1994 conditions and remained at 48-93% baseline cover, with recovery predicted to occur within 17-29 yr (Fig. 2b) . Thus, despite recovery trajectories across reefs (Electronic Supplementary Material, ESM Fig. S2 ) and return to average pre-bleaching coral cover (Fig. 1d ), time to recovery was highly variable across reefs, ranging from 7 to 29 yr. Recovery was primarily driven by branching Acropora corals rather than massive or encrusting forms ( Fig. 1d ; Electronic Supplementary Material, ESM Figs. S3, S4).
Reef-level influences on recovery year
Recovery years were strongly associated with reef-level explanatory covariates. For abiotic and historic covariates, recovery was slowest at exposed and deep reefs with high pre-bleaching coral cover (Figs. 3, 4 ). For instance, recovery year was delayed by 1.8 yr for every 10% increase in historic coral cover, by 2.7 yr for every 5 m increase in depth, and by 2.4 yr for every 0.5 J hr -1 increase in wave energy (Fig. 4) . Initial structural complexity, which was relatively similar among reefs (3-3.7) relative to post-bleaching habitat structure (1.9-3.2), was weakly associated with recovery year (effect size = 0.37; 95% CIs -1.30, 2.08).
Coral juvenile densities and nitrogen load were the strongest positive influences on recovery year, with recovery times minimized on reefs with low nutrient enrichment and high juvenile coral density (Figs. 3, 5) (Electronic Supplementary Material, ESM Fig. S5 ). After accounting for abiotic effects, recovery times \ 10 yr were expected for reefs with both low nitrogen load (nitrogen \ 0.7%) and high coral recruitment ( [ 40 juveniles m -2 ) (Fig. 5 ). Surveyed reefs, however, did not meet these criteria, with predicted relationships primarily driven by slow recovery times of nutrient-enriched reefs with low juvenile coral densities, and by fast recovery times of one nutrient-poor reef (7 yr, 0.6% nitrogen) and one highdensity juvenile coral reef (9 yr, 58.8 juveniles m -2 ). Despite these outliers, covariate effect sizes were not biased by observations from individual reefs (Electronic Supplementary Material, ESM Fig. S6 ) and abiotic and biotic covariates were uncorrelated (Electronic Supplementary Material, ESM Fig. S1 ), indicating that variability in recovery times was attributable to the combined effect of several covariates rather than to collinearity or the condition of outlying reefs. Recovery times were slower on protected reefs (effect size = 1.56; 95% CIs -0.07, 3.18) and on those with abundant herbivores, with recovery extending by 4.1 yr from the lowest to highest levels of grazing biomass (42-509 kg ha -1 ) (Electronic Supplementary Material, ESM Fig. S5b ).
Discussion
Over a decade after severe coral bleaching, recovering Seychelles reefs varied substantially in their extent of coral recovery, with six reefs returning to pre-bleaching coral cover within 7-12 yr and six reefs failing to reach prebleaching cover before the next major bleaching event in 2016. Projected recovery times ranged from 7-29 yr and were linked to reef-level variation in several abiotic, biotic, and anthropogenic factors. Abiotic and historic conditions placed natural constraints on recovery, with the fastest recovery times predicted for shallow reefs with low initial coral cover and low daily wave exposure. After accounting for abiotic limits, recovery times were also faster under conditions of high coral recruitment and low nitrogen enrichment, implying that improving juvenile coral survival and mitigation of nutrient run-off may enhance coral recovery. Fig. 3 Abiotic, biotic, human, and historic influences on recovery year. Effect sizes are the median of the posterior distribution for each parameter, with 95% and 50% credible intervals drawn from 1,000 samples. Predictors were standardized to the same scale and effect sizes were robust to jackknife resampling (Electronic Supplementary  Material, ESM Fig. S6) Reef recovery was driven by regeneration of fastgrowing branching Acropora corals, which on most reefs have replaced massive growth forms (Wilson et al. 2012 . Such compositional turnover suggests that these reefs have not recovered their pre-bleaching functions and, for example, recovery of structural complexity was incomplete by 2014. Other ecosystem functions, such as community calcification rates, have not fully returned (Januchowski-Harty et al. 2017 ). Although we were unable to examine long-term abundance shifts among individual coral species, community turnover is expected to continue after pre-bleaching cover levels have been reached (Johns et al. 2014 ). Studies which model recovery trajectories for individual coral species will help to identify future community compositions for heat-stressed reefs (Ortiz et al. 2018) . Compositional shifts towards branching Acropora corals, combined with either overshoot or failure to return to pre-bleaching coral cover, mean that Seychelles' reefs failed to resemble pre-bleaching states after 16 yr of recovery. As bleaching events continue to accentuate boom-bust dynamics in the keystone habitat structure of coral reefs , the likelihood of full recovery cycles is diminishing (Hughes et al. 2018a ). In Seychelles, the 2016 coral bleaching event caused extensive coral mortality , meaning the year across the range of each predictor covariate, holding all other influences to their means (0). The range of observed coral densities and nitrogen concentrations are represented by grey points. Note that additional abiotic and historic influences on recovery times mean that points do not necessarily correspond with predicted recovery year recovery dynamics we have documented in this study need to recommence. Recovery times did, however, vary predictably with natural abiotic limits, with the slowest recovery times occurring on deep reefs with high wave exposure. Such influences likely reflect constraints on coral growth rates where, for example, light attenuation at depth slows coral growth rates (Huston 1985; Pratchett et al. 2015) . However, the influence of depth on bleaching responses is multifaceted, with evidence that shallow reefs often incur great incidences of bleaching (Bridge et al. 2013) and are more likely to undergo regime shifts to macroalgae after bleaching . Thus, deep cool water reefs may be refuges to heat stress (Safaie et al. 2018) . As such, the fast coral growth at shallow reefs may only be realized under conditions which promote coral growth (e.g. high juvenile coral density), while reduced stress in deeper waters may help reefs to retain high coral cover, at the cost of slower recovery times. For wave energy, exposure gradients determine spatial patterns in coral cover (Done 1982; Williams et al. 2015; Gove et al. 2015) and extreme events can cause physical dislodgement of coral colonies (Madin and Connolly 2006) . We extend these concepts to show that wave energy may also negatively influence coral recovery rates, with reefs exposed to high daily wave action also slower to recover. Such physical constraints on coral recovery likely occurred because branching corals, which are most susceptible to removal by wave action (Madin and Connolly 2006) , dominated recovery dynamics. Thus, abiotic filtering of community composition can enhance or delay reef recovery rates. For example, reefs with highest wave exposure were characterized by low levels of branching corals, and failed to reach pre-bleaching total coral cover (Mahe E Patch, 66% recovery; Ste Anne Patch, 62% recovery). Together, these predictions of abiotic constraints can guide expectations of coral recovery after bleaching events, which are particularly needed for reefs where in situ monitoring data are unavailable. For example, remote sensing of depth and wave energy could be paired with thermal stress maps and predictors of bleaching vulnerability (e.g. Safaie et al. 2018) to forecast long-term resilience to heat stress across large spatial scales.
Coral recruitment and nutrient enrichment exceeded abiotic limits on coral recovery times, likely due to their opposing influences on competition between calcifiers and algal taxa. High rates of coral recruitment (i.e. juvenile coral densities) should positively correlate with future adult coral abundances (Birrell et al. 2008 ) and thus shorten recovery times. In Seychelles, reef-level variation in coral recruitment appears to be driven by benthic habitat properties rather than larval supply. Survivorship of juvenile corals to adults is lower on unstable rubble reefs that are frequently disturbed by wave action (Chong-Seng et al. 2014) , and juvenile coral recovery from severe bleaching is moderated by habitat complexity (Dajka et al. 2019) . Nitrogen enrichment, however, may have had an additional, indirect influence on recovery times by stimulating algal growth. Nutrients may exert bottom-up control of benthic composition through animal excretion (Graham et al. 2018) , seasonal and upwelling sources , and by anthropogenic-driven eutrophication (Fabricius et al. 2005) . Our results demonstrate that high nutrient loads attributable to terrestrial run-off also slowed coral recovery, which is consistent with previous observations that low C/N ratios (i.e. high nitrogen concentrations) increased the probability of a macroalgal regime shift on Seychelles reefs . Indeed, juvenile coral densities decreased with increasing nutrient enrichment at 10 of 12 reefs (though were uncorrelated in our predictive models), possibly because high nutrient loads inhibit coral recruitment (Koop et al. 2001 ) and promote growth of competing algal organisms (Burkepile and Hay 2009) , which likely combine to raise post-recruitment coral mortality (Chong-Seng et al. 2014) . Nutrient concentrations can also benefit coral growth, though this is contingent on high herbivory levels (Burkepile and Hay 2006) and the ratio of nitrogen to phosphorus (D'Angelo and Wiedenmann 2014). Given that several nutrient-based mechanisms potentially underpin considerable reef-level variability in recovery times, experimental investigation of the relationships between coral recruitment, nutrient enrichment, and bleaching recovery is urgently needed. Such research will help to unravel biotic feedbacks and thus identify conditions that accelerate coral recovery.
Local biotic and anthropogenic influences on recovery times should anchor expectations according to abiotic constraints and reveal potential processes that might be manipulated to enhance recovery after bleaching. Across regions, large-scale oceanographic influences such as temperature and productivity constrain natural baselines of coral cover and so may contribute to regional differences in recovery times (Baker et al. 2008; Graham et al. 2011) . At smaller spatial scales, biotic processes that promote coral recruitment may be enhanced by manipulation of ecological feedbacks to enhance coral recovery (Nyström et al. 2012; Ladd et al. 2018) , such as reducing terrestrial run-off. However, the influences of nutrient enrichment on coral condition are complex, owing to confounding sources from terrestrial inputs (Fabricius et al. 2005) , upwellings and animal excretion (Graham et al. 2018) , variable impacts according to the type and balance of nutrients (D'Angelo and Wiedenmann 2014), and uncertainties surrounding nutrient cycling and their long-term persistence in seawater (Fabricius et al. 2005) .
Isolation of nutrient pathways which enhance coral growth and recruitment is a critical avenue for further research.
Herbivore biomass had a weak, positive effect on recovery year, contradicting expectations that high grazing pressure will enhance recovery through top-down control of algae. Given that reefs with herbivore biomass [ 177 kg ha -1 were less likely to regime shift in Seychelles , grazing pressure may be a relatively weak influence on coral recovery as herbivore biomass has increased on Seychelles reefs since the 1998 bleaching event , and thus thresholds that prevent macroalgal overgrowth have been exceeded on many reefs. Alternatively, because grazing effects on benthic communities are tightly linked to the size structure and functional composition of herbivore assemblages (Nash et al. 2015; Steneck et al. 2018) , grazing influences on coral recovery may not be detectable with coarse biomass metrics which combine distinct functional groups. The longer recovery times on reefs protected from fishing was also unexpected. Both herbivore and management effects may, however, be somewhat confounded by prebleaching coral cover. Compared to fished reefs, protected reefs supported 65 kg ha -1 greater herbivore biomass and 15.5% higher pre-bleaching coral cover, meaning that protected reefs require longer recovery times to reach coral-dominated states. Extending our recovery analyses to other regions will help resolve uncertainties around management and herbivory effects.
Recovery times from severe bleaching events inform expectations for the long-term persistence of coral-dominated reefs in a warming climate. Here, similar recovery trajectories meant that reefs that recovered before the next mass bleaching event (i.e. within 16 yr) were those with pre-bleaching cover \ 25%. Reefs that failed to recover were generally those with exceptional coral cover ( [ 30%). Such patterns are consistent with evidence that recurring mass bleaching events, particularly those that occur within 16 yr of each other and cause severe coral mortality, will prevent coral reefs returning to historic coral-dominated states (Birkeland 2004; Hughes et al. 2018a ). Furthermore, given that pre-bleaching cover was highly variable (11-55%), our findings underscore the uncertainty associated with using historic conditions as a recovery benchmark. For example, pre-bleaching disturbances may have limited potential coral cover, which would explain why overshoot reefs were able to far exceed their baseline cover after bleaching.
Our long-term analysis of coral recovery dynamics uncovered substantial reef-scale variability in recovery times after mass bleaching, whereby reefs either failed to recover or exceeded their baseline state and recovery ranged from 7 to 29 (projected) years. The number of recovery years was strongly constrained by abiotic conditions (depth, wave energy) and pre-bleaching coral cover, indicating that predictions of bleaching recovery times can be informed by abiotic and historic conditions at the scale of individual reefs. The strongest influences on recovery times were post-bleaching juvenile coral densities and nitrogen concentrations, suggesting that recovery might be enhanced by limiting nutrient run-off and promoting coral recruitment and survivorship. However, coral-dominated reefs are unlikely to persist under recurrent bleaching events that cause extensive coral mortality, if recovery windows from such severe bleaching shorten to less than 10 yr (Hughes et al. 2018a ). Further investigation of feedbacks between nutrients, algal growth, and coral recruitment is necessary to understand how manipulation of biotic processes can accelerate reef recovery after climate-driven bleaching events.
